Light intensity modulations caused by opaque obstacles ͑e.g., dust͒ on silica lenses in high-power lasers often enhance the potential for laser-induced damage. To study this effect, particles ͑10 -250 m͒ with various shapes were sputter deposited on the input surface and irradiated with a 3-ns laser beam at 355 nm. Although a clean silica surface damages at fluences above 15 J͞cm 2 , a surface contaminated with particles can damage below 11.5 J͞cm 2 . A pattern that conforms to the shape of the input surface particle is printed on the output surface. Repetitive illumination resulted in catastrophic drilling of the optic. The damage pattern correlated with an interference image of the particle before irradiation. The image shows that the incident beam undergoes phase ͑and amplitude͒ modulations after it passes around the particle. We modeled the experiments by calculating the light intensity distribution behind an obscuration by use of Fresnel diffraction theory. The comparison between calculated light intensity distribution and the output surface damage pattern showed good agreement. The model was then used to predict the increased damage vulnerability that results from intensity modulations as a function of particle size, shape, and lens thickness. The predictions provide the basis for optics cleanliness specifications on the National Ignition Facility to reduce the likelihood of optical damage.
Introduction
The interaction between light and material defects ͑e.g., cracks, voids, inclusions, surface roughness, and contamination͒ has been extensively studied and generates ongoing interest by the laser community. 1 Damage phenomena caused by contamination particles emphasize the need to consider optical system interactions in which imperfections ͑chemical or mechanical͒ on one optic can cause significant damage to both upstream and downstream optical components. [2] [3] [4] Other complex system interactions can occur when ablated material ͑from surrounding structures or adjacent optics͒ is deposited onto clean and undamaged optical surfaces and creates new damage sites during subsequent laser pulses. In addition to these effects in transparent materials ͑e.g., silica, laser glass, and KDP͒, 5, 6 diffraction rings have also been observed during laser processing of absorbing surfaces such as palladium silicide. 7 These ring patterns appeared to be caused by scattering of infrared laser light on dust particles suspended in air in front of the target. In this example, conducting the laser processing reaction in vacuum eliminated the undesirable effect of the particles.
The diffraction of light by an edge and the interference that occurs in the shadow of a circular obstacle illuminated with a collimated beam of rays led to the formation of a bright spot in the center of that shadow. 8 This effect is well described mathematically ͑particularly for spherical obscurations͒ and is referred to as the Arago dot or the Poisson spot. 9 -17 Such diffraction effects have become increasingly more noticeable in the fields of laser processing 7 and laser-induced damage. 5, 6, 18, 19 Diffraction produces downstream light-intensity modulations that are often noticed in the image plane when particles of dust land upon optical components. When such contam-ination particles fall in the path of a powerful laser beam, they can sometimes initiate laser-induced damage 5,6,9,20 -22 or trigger self-focusing. [23] [24] [25] The significance of optical damage caused by contamination increases as optical designers require peak fluences that are close to the damage threshold of the most resistant polished optics ͑e.g., fused-silica lenses͒ available today. 26 Because the probability of damage increases quickly with incident fluence near damage-threshold fluences, beam modulations can have destructive effects. One can minimize these modulations and consequent laser-induced damage caused by contamination particles by assembling and installing the optical components in a clean-room environment and by regular inspection and careful cleaning of the optics before operation. Such procedures are currently being implemented at the National Ignition Facility in California and the Laser Méga Joule facility in France.
A variety of laser irradiation tests was performed to quantify the influence of defects ͑e.g., digs, scratches, bulk inclusions, and contamination particles͒ on the functioning of optical components ͑e.g., lenses, frequency-conversion crystals, high reflectors, and amplifier slabs͒ during repetitive illumination. [27] [28] [29] [30] [31] [32] [33] [34] A range of different types of optical material ͑e.g., fused silica, KDP, hafnia-silica multilayers, Nd-doped laser glass͒ was investigated for determination of the contamination level that could be tolerated during peak intensity operation on the laser beams of the National Ignition Facility and the Laser Méga Joule. 5, 22 The initial goal of the study reported here was to quantify systematically the drop in laser-induced-damage threshold of fused silica at 355 nm caused by contamination particles ͑various contaminant sizes, shapes, and materials͒ on input and output surfaces. As the study progressed and damage morphologies were being characterized, it became clear that diffraction of light by input-surface obscurations, and sometimes by rare bulk inclusions, contributes to decreasing the damage threshold of output surfaces. The first indication of this effect was found when a clean silica window that was damaged on average at a fluence of ϳ15 J͞cm 2 started to be drilled catastrophically at 10 J͞cm 2 on the output surface when a 1-m-thick, 150-m titanium disk was placed on the input surface. Cracking occurred at lower fluence on the clean output surface than on the contamination particle itself on the input surface.
In Section 2 we summarize the photolithographic technique that we used to prepare artificial surface contamination particles on the silica windows and describe the experimental laser-damage tests. In Section 3 we present the experimental results and the damage characterization. Section 4 is focused on Fresnel diffraction theory. In the case of diffraction of light by small obscurations, exact solutions to the electromagnetic boundary value problem are known for a few simple geometric shapes such as a sphere, a disk, a cylinder, and a strip. 35, 36 We apply the theory to calculate light-intensity modulations, using the split operator beam propagation method, 37 and model the increased susceptibility to catastrophic damage that results from diffraction by input-surface contamination. Finally, the experimental damage patterns ͑i.e., sizes of the damage rings͒ are compared with the prediction of the beam propagation code. The comparison shows good agreement. Preliminary reports of this research were presented in Refs. 5, 6, and 22. 
Sample Preparation and Laser Testing Procedure
The surfaces used for this study were artificially contaminated. We controlled the nature of the contamination particles by depositing small metal disks of precise size, thickness, and shape onto the surface. We controlled size and shape by sputtering the material through a mask. The damage behavior was characterized by measurement of the laser-induceddamage threshold over a statistically representative population of sites and analysis of the damage morphologies. 26, 38 To produce the masks, we deposited silicon nitride by low-stress chemical vapor deposition onto 3-in. ͑7.6-cm͒ silicon wafers. Small holes ͑10 -250 m in diameter͒ spaced 2 mm from one another were etched into the nitride on one side of the wafer by standard photolithography techniques. 39 Large squares ͑ϳ300 m on a side͒ with the same spacing were etched on the opposite side. The wafers were then immersed for several hours in a bath of potassium hydroxide at 70°C to etch the silicon anisotropically and open the holes in the silicon nitride windows ͑see Fig. 1͒ . The mask was placed onto a synthetic UV grade fusedsilica substrate, and the back side of the window was protected to prevent deposition of any metal film on that surface. Titanium was sputter deposited through the mask until the thickness of the deposit reached 1 m. The ͑UV grade͒ Corning 7980 silica substrate polished by the Zygo Corporation was 11.5 mm thick and 50 mm in diameter.
Statistical studies 26 conducted at hundreds of sites with a 1-mm-diameter beam determined that an uncontaminated sample was damaged first on the output surface at an average fluence of ϳ15 J͞cm 2 ͑and a standard deviation of ϳ1.5 J͞cm 2 ͒ when the surface was irradiated with a 355-nm, 3-ns pulse. The uncertainty on the fluence was Ϯ15%. Input-surface damage can occasionally occur but is unlikely under our experimental testing procedure because the beam is coherent and collimated and the intensity is theo- Fig. 2 . ͑a͒ Temporal and ͑b͒ spatial profiles of the 355-nm Gaussian laser beam. The pulse width is ϳ3 ns, and the 1͞e 2 diameter of the beam is 1.1 mm. Fig. 3 . Nomarski optical micrographs of ͑a͒ a 150-m titanium particle ͑1 m thick͒ upon the silica input surface before irradiation, ͑b͒ the output surface before irradiation, and ͑c͒ the damage on the input surface and ͑d͒ the damage on the output surface after a 3-ns pulse at 12.7 J͞cm 2 at 355 nm.
retically 44% higher on the output surface, as predicted by Boling and Dubé. 40 Each contamination particle was positioned at the center of the beam and was irradiated with a single 3-ns pulse by a 355-nm Nd:YAG laser. The laser was focused to provide a far-field circular Gaussian beam with a diameter of 1.1 mm at 1͞e 2 ͑14%͒ of the maximum intensity ͑see Fig. 2͒ . The beam profile was recorded for each shot, and the peak fluence was computed. The temporal shape of the pulse was Gaussian, and the tests were conducted in p polarization at a 5°angle of incidence. To obtain sufficient statistical information we tested a minimum number of five particles of any given size. Six particle sizes, 10, 20, 30, 50, 150, and 250 m, were investigated.
The input and output surfaces were examined by Nomarski and interference microscopy before and after irradiation. Postdamage characterization was also conducted with scanning-electron microscopy.
Damage Characterization and Experimental Results
As part of the general plan to quantify contamination effects, a variety of contamination materials ͑alumi-num, titanium copper, stainless steel, gold, zirconia, alumina, and titania͒ was studied. In this paper we concentrate on data for single-shot irradiation of titanium particles located on the input surfaces of polished fused-silica windows. However, one example is provided to illustrate how damage grows during repetitive irradiation of a square titanium particle. Repetitive irradiation is a more complex case because the obscuring particle itself can evolve as it is vaporized during each shot. We intend to report in a future publication the experimental results that deal with damage growth initiated by contamination. The results for thin metal particles apply to opaque three-dimensional objects because diffraction is an edge effect. For partially transparent particles the shape is more important, and focusing effects may Fig. 4 . ͑a͒ Atomic-force microscope line scan of an output-surface damage ring pattern similar to that shown in Fig. 3 . The scan confirms that the phase shifts detected in Normarski differential interference microscopy are caused by topological changes of the silica surface profile. ͑b͒ Scanning-electron micrograph of a damaged output surface, showing cracks and molten regions that follow the diffraction pattern of the input-surface particle. The damage was caused by three shots at 14 J͞cm 2 . Fine polishing scratches were also revealed on the surface after damage. cause damage in the vicinity of the particle or inside the particle itself.
During the laser pulse, plasmas were observed on the input surface at the particle and on the output surface when damage occurred. The input plasma is initiated at a fluence where light absorption causes the particle to break down. This threshold for metals is typically less than 1 J͞cm 2 . The output plasma is initiated when the laser intensity exceeds the laser-induced-damage threshold of the polished Fig. 6 . ͑a͒ Reflected-light interferogram of a 150-m titanium dot before irradiation. The measurement was performed at 632.8 nm. ͑b͒ Line scans of the profile through the center of the ring pattern are shown at the left. Fig. 7 . Nomarski optical micrographs showing the growth of input-and output-surface damage on a 1-m-thick square titanium particle during repetitive illumination. The site was irradiated at 12.9 J͞cm 2 for a total of 25 shots. The output-surface pattern follows the shape of the titanium particle. A damage crater is visible after 14 shots. silica surface ͑i.e., ϳ15 J͞cm 2 for a 3-ns pulse under the experimental conditions described in Section 2͒. In Fig. 3 optical micrographs of the input and output surfaces before irradiation and after one shot at 12.7 J͞cm 2 centered on a 150-m input-surface titanium particle are shown. The interaction of light with the particle produces a permanent ring pattern on the clean output surface. The permanent deformation of the surface is characterized by atomic-force microscopy in Fig. 4͑a͒ . The intensity modulations of the light cause the silica surface either to ablate or to fracture. Figure 4͑b͒ is an example of a surface that has been ablated after three consecutive shots at near-threshold fluences. Inasmuch as the ablation process is nonlinear, the amount of ablated or fractured silica is not proportional to the light's intensity. However, peaks and valleys on the surface should correspond to the beam modulation extrema. To test the model presented below, we compared theory and experiment over a range of particle dimensions covering 2 orders of magnitude. Figure 5 is a set of interference images of the rings ͑sizes ranging from 10 to 250 m͒ on the output surface behind contaminated input surfaces after irradiation above damaging fluences. The images were taken with a Wyko NT-2000 white-light surface profiler to yield maximum vertical-scanning accuracy. The figure confirms that each particle leaves a unique print because the dimensions and the spacing of the lightdiffraction rings are characteristic of the sizes of the particles. In Fig. 6 the phase modulations induced by a 150-m titanium particle were measured in reflection with a red-light source at 632.8 nm with a Zygo Mark IV xp interferometer. The modulations were not measured at 355 nm because an interferom- eter at that wavelength was not available. We performed the measurements simply to image such phase modulations.
As discussed above, modeling the conditions that lead to damage during repetitive irradiation is more complex because the front-surface particle is ablated. Catastrophic damage is not always initiated at the first shot. However, the output surface often yields under repeated illumination ͓e.g., after three shots at 14 J͞cm 2 in Fig. 4͑b͒ and fourteen shots at 12.9 J͞cm 2 for the square particle in Fig. 7͔ . Typically, damage can occur if a set of micropits and cracks is initiated on the surface after a laser shot. 38 Although Fig. 7 indicates that Fresnel diffraction plays an important role in the onset of damage growth, other factors seem to contribute to the progressive weakening of the surface and to propagation of damage.
Diffraction by Obscurations
The experiments have proved that obscurations produce localized downstream light modulations. As a result, the probability of damage is locally enhanced.
In this section we calculate the Fresnel diffraction field as a function of size for a disk geometry. The total electric field is the sum of the incoming wave and a scattered wave. For a number of symmetric obstacles, exact mathematical solutions of the electromagnetic boundary value problem are available. 35 To simplify the calculations, an alternative to the exact approach involves combining the Kirchhoff diffraction integral with Babinet's principle. The diffracted field of an obstacle is then calculated as the incident field minus the diffracted field of its equivalent aperture. Such a method yields close agreement with experiments. [11] [12] [13] For obstacles much larger than the wavelength of light, an exact representation requires calculations over a larger volume, which quickly increases computation time. As the obstacle size ͑10 -250 m͒ is large at the propagation wavelength in silica ͑0.237 m; i.e., 0.355͞1.5 m, n ϭ 1.5 in fused silica͒, we used a fast-Fourier-transform beam propagation code 37 to calculate the diffraction pattern as a function of propagation distance. Such a code expresses the electric field immediately behind the obstacle as a superposition of plane waves. Each plane wave can be propagated exactly through the medium to the rear surface of the sample. The fast Fourier transform then allows us to resum the plane waves to find the final output diffraction pattern. This significantly reduces the computation time. The output pattern differs from the input pattern because of accumulated phase differences between the plane waves. An example of the computed light-intensification pattern as a function of distance from an opaque obscuration is plotted in Fig. 8 . The calculated patterns in the outputsurface plane ͑11.5 mm away from the inputsurface disk͒ are shown in Fig. 9 . The calculations were performed for the sizes that were studied experimentally to permit direct comparison with the model. Because the size and the spacing of the diffraction rings are highly sensitive to the size of the obscuring object and the distance from it, a match greater than 2 orders of magnitude in size can provide sufficient proof of the agreement with the model. The ideal linear diffraction modeled here has three length scales, namely, the wavelength of light , the diameter of the front-surface obscuration 2a, and the propagation distance z to the rear surface. The magnitude of the strongest diffraction rings depends on the ratio of distance to the Raleigh range, Ka 2 , where K ϭ 2n͞ and n is the refractive index of glass. The curves shown here have a universal nature when transverse ͑or lateral͒ sizes are plotted in units of a and longitudinal ͑or propagation͒ distances are plotted in units of Ka 2 . For thick optics, further intensification can occur through nonlinear self-focusing ͑Kerr effect͒. Starting from a large flat-topped beam, the Kerr effect occurs when intensity modulation causes corresponding nonlinear increases in local refractive index and can result in bulk damage ͑tracking͒ in the glass. The initial stage of the nonlinear growth of intensity modulations can be treated by a linearized theory 41 that shows that, for a given wavelength and light intensity, an optimal spatial scale or transverse wave number undergoes maximum nonlinear growth. Such a growth spectrum, based on the analysis in Ref. 41 , is shown in Fig. 10 ; one can see that, for 355-nm light at 1 GW͞cm 2 , modulations at scales larger than 300 m will intensify nonlinearly. The gain can become significant for thick optics. The maximum gain scales as I͞, and the most damaging particle size scales as ͞I. Notice the rapid drop-off for scales smaller than that of maximum growth. Obstacles that create modulation on such small scales are not likely to cause nonlinear growth because the modulations tend to diffract away before they can self-focus. Large obstacles, however, always lead to nonlinear growth at a rate that decreases as the length scale increases.
Comparison of Model and Experiments
The light-intensity modulations can lead to localized cracking, melting, or ablation of the silica surface ͓see Fig. 4͑b͔͒ . The higher the intensity, the deeper the ablated crater. Although the ablation depth may not be linearly related to the light intensity, the surface profile should have a monotonic relationship to the intensity profile. In particular, surface-profile minima should coincide with intensity maxima and vice versa.
The rear-surface light modulations were not measured experimentally. However, for above-damage threshold illumination the light-intensification pattern is printed into the surface by ablation. The spacing of the computed intensity modulation rings and the experimental surface topology were compared for the six cases shown in Figs. 5 and 9. The comparison is plotted in Fig. 11 . As was discussed above, the positions of the peaks and the minima are highly sensitive to the size of the obscuration, the distance from it, and the wavelength of the light. Some asymmetry in the surface profiles is noticeable and is likely caused by the 5°angle of incidence of the beam. The profiles coincide closely for the set of obscuration sizes, particularly for smaller sizes. For the 250-m obscuration, some discrepancy can be expected because the beam is Gaussian and the particle is as large as the 90% beam diameter. Given the second-order effects caused by the beam's size and incidence angle, the results show that Fresnel diffraction by the contamination particle on the input surface is a clear cause of enhanced output-surface damage initiation.
Although single-shot damage tests of various particles and ablation profile measurements are in agreement with diffraction theory, the model must be expanded to predict damage initiation during multiple shots.
Conclusion
Contamination particles and imperfections ͑chemical or mechanical͒ in optics are known to cause undesirable damage to both upstream or downstream optical components in high-power laser systems. To investigate this damage mechanism, we irradiated at 355 nm small contaminants, 1 m thick, of different sizes and shapes ͑circles and squares͒, deposited by sputtering of metal through a mask onto a silica input surface. Whereas a clean window suffered damage uniformly under our experimental conditions on the output surface where the fluence exceeded 15 J͞cm 2 , an optic contaminated on the input surface could undergo catastrophic damage on the output surface after one shot at fluences as low as 11.5 J͞cm 2 . This damage threshold can be even lower for multiple irradiation. The damaged region replicates the shape of the input-surface contamination particles. Repetitive illumination results in catastrophic drilling of the optic.
This mechanism of damage demonstrates the importance of Fresnel diffraction effects caused by contamination particles or other obscuring defects. We modeled the damaging effects of these particles by calculating the intensity distribution that resulted from obscurations of various sizes and shapes. A comparison of calculated light-intensity distributions in the output-surface plane and damaged outputsurface profiles ͑related to the amount of ablated silica on the surface͒ yielded good agreement. Diffraction theory permits predictions of the increased damage probability that results from intensity modulations as a function of particle size and shape and of distance from the particle ͑i.e., lens thickness if the particle is on the input surface͒. These predictions have provided a crucial piece of information to aid in setting the optics cleanliness specifications for the National Ignition Facility to reduce susceptibility to initiation of optical damage.
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